Both the direction and distance of the wave source of an excitable wave were detected on excitable media in both an experiment and a numerical simulation. By detecting the timedifference between two inputs, we were able to calculate the trajectory of wave propagation. The position of the wave source was then evaluated by considering two different trajectories that depended on a time-difference. §1. Introduction
§1. Introduction
To understand the mechanism of self-organization in living systems, it is useful to adopt the framework of a reaction-diffusion system, such as in pattern formation on the skins of animals, in excitation of the nervous system, and in chemical reactions such as the Belousov-Zhabotinsky (BZ) reaction. 1)-3) It has been shown that the geometry of the excitable field plays an important role in excitable-wave propagation and pattern formation. Recently, it was reported that logic circuits, including a "diode" function, a coincidence detector, and a detector for determining the direction from which excitation waves originate, could be constructed based on the characteristics of an oscillatory and/or excitable spatial field. 4)-7) In this study, we extended the idea of a coincidence detector to develop a direction-distance detector in both an experiment and a numerical simulation.
As an experimental model, we used a photosensitive version of the BZ reaction, where light illumination results in the production of bromide, and inhibits the oscillatory reaction. Thus, the degree of excitability can be adjusted by changing the intensity of illumination. For the numerical simulation, we adopted an Oregonator model, which has often been used to reproduce the BZ reaction. The model was modified to describe the spatio-temporal pattern for the photosensitive BZ reaction, by adding a diffusion term. §2. Methodology
The present direction-distance detector has two inputs, and it can detect direction based on the time-difference between the inputs (see Figs. 1(a) and (b) ). We assumed that the position of the wave source is X(x, y), and the positions of the two inputs are A(a, 0) and B(b, 0). The time-difference between the two inputs is ∆t = t A − t B , and can be detected at a collision point on a half-circle. The velocity of the excitable wave is considered to be a constant v. Based on a geometric interpretation, the equation for the trajectory of the position of the wave source based on the time-difference is
The position of the source can be determined by considering two different trajectories, as shown in Fig. 1(c) . The detailed procedures are discussed elsewhere. 8 
) §3. Numerical simulation and results
For a numerical simulation, we adopted an Oregonator model, which has often been used to reproduce the BZ reaction. The model was modified to describe the spatio-temporal pattern of a photosensitive BZ reaction, by adding a diffusion term:
where u, v, and w correspond to the dimensionless concentrations of HBrO 2 , Ru(bpy) The boundary condition at the edge of the frame is taken to be no flux, while the boundary between the excitable and inhibitory fields is free. Figure 2 shows the results of the computer simulation. In this simulation, the position of the wave source is (1.45, 1.01). The equation for the trajectory of wave propagation was calculated from the time-difference as follows: . Cellulose-nitrate membrane filters (Advantec A100A025A) with a pore size of 1 µm were soaked in BZ solution for 5 min. The membrane was gently wiped with filter paper to remove excess water and placed in a Petri dish. The surface of the membrane was immediately covered with silicone oil (Shin-Etsu Chemical Co.) to prevent it from drying and to protect it from the influence of oxygen. The experiments were carried out in an air-conditioned room at 25 ± 1 • C. Excitation waves were initiated by gently touching the surface of the membrane with a 1mm-thick silver wire.
The medium was illuminated from below using a computer-controlled video projector (Epson ELP-810). The experiments were monitored with a digital video camera (Panasonic NV-DJ100) from above and recorded. For image enhancement, a blue optical filter (AsahiTechnoGlass V-42) with a maximum transparency at 410 nm was used. The light intensity at the illuminated part was determined by a light-intensity meter (ASONE LM-332). Figure 3 shows the experimental results. In this experiment, the position of the wave source is (1.46, 0.95). The equation for the trajectory of wave propagation was calculated based on the time-difference as follows: Fig. 3 . Experimental results for a direction-distance detector using a photo-sensitive BZ reaction.
These trajectories intersect at (1.5, 0.68). This calculated position differs only slightly from the actual position of the initial wave source. §5. Discussion and conclusion
We have shown that in both a simulation and an actual experiment with an excitable system, a "direction-distance detector" can be created by suitably arranging the spatial geometry of the excitable field. The details of the actual experiment and numerical simulations are discussed elsewhere. 8) For a practical computing machine, as mentioned above, the problem with the BZ reaction is its fragility and liquid reaction medium. Thus, "field computation" could be implemented in a solid circuit by using modern electronic technology, as in semiconductor production or in a solid surface.
As an extension of the present study, it may be useful to look for the actual mechanism of the time operation in a real biological system.
